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CHAPTER I 
INTRODUCTION 
The activity of this paper concerns itself with the attack 
and solution of the problem of designing and constructing a flex-
ible ring counter which can dl.. vide by any number from two to ten and 
an investigation of the maximum counting rate of this device. 
This problem was Chosen because it proVides an illustration of 
some very general methods of solving problems (i.e. performing an 
assigned task) by what may be called electronic implementation. 
Within this field are provided methods of solving problems which can-
not feasibly be solved by any other means. For example, the various 
large scale electronic digital oomputers are capable of solving sys-
tems of partial differential equations which have no analytical sol-
ution. They must be solved by ruccessive numerical approximations, 
anq while the mathematical methods are known, the amount of labor is 
prohibitive. A particularly important use for such solutions is in 
aerodynamical problems that have arisen in the design of modern high 
speed aircraft. A very brief account of hcwr this can be accomplished 
is as follows: In such a computer, the so-called computing element 
is basic. It merely performs the operations of addition, multipli-
cation, and division by converting numbers to the base ten (decimal) 
to numbers to the base two (binary) and perfonns the necessary ari th-
metical operations~ All the operations of calculus can be resolved 
to numerical operations that are basically arithmetical. 
There have been in the past various analogue computers to solve 
mathematical problems. A simple example is the planimeter and a much 
more complicated one is Vannevar Bush's "Differential Analyzer" bu.ilt 
at M.I.T. in 1931. These machines provided a description of a physical 
quantity in tenns of a displacement, a shaft rotation, etc. The basic 
elements were combined in such a way that, after a sequence of operations 
the answer coold be obtained fran a similar displacement, rotation, etc. 
Such machines are always limited by the accuracy of measurements. 
In contrast to these analogue methods, a desk calculator does not 
depend on measurement of physical quantities, as does a slide rule or a 
planimeter. It is linked in such a way that if it works at all it pro-
vides the. correct answer. Accurate machining of the parts is not im-
portant. They may be worn and loose, the only requirement being that 
they do not actually slip past one another. Such a device may be 
called a loose link system. These systems cruld be simulated by elec-
tronic systems, if one used electronic elements capable of existing in 
exactly ten stable distinguishable states only. A machine built of 
ten-state stable elements provides a precise analogue of a decimal 
mechanical machine with ten-toothed wheels. It is harder to distinguisl'l 
reliably ten states than two, so usually the electronic device employs 
a bistable element, such as an Eccles-Jordan pair, which can exist in 
only two states. Tha.t is, the voltage at the output is either 
~ or E2, and a measurement of this identifies the state. Here we 
have reduced to a minimum the problem of accurate measurement of a 
physical quantity. Our electronic computer, or for that matter, deVicef 
2. 
of any kind using bistable elements, closely parallels the operation 
of a mechanical loose-link system, and provides the ultimate in re-
liability. By using enough elements, or places, any desired degree 
of approximation (that is, accurac~r) can be obtained, and with modern 
components and proper design, very high speeds of operation are within 
reach. 
With the previous in mind we may define ".Electronic implementationn 
as follows: the use of a device, composed of basic electronic elements . 
so interconnected and controlled that they provide at the output the 
solution to a problem presented at the input. The word 11problem 11 is he e 
regarded in a general sense to include the performance of any kind of 
task, the input being the order to perform the task. Of course, non-
loose-link devices, such as linear amplifiers, are not discarded as 
possible elements of electronic devices, but they will not be consid-
ered in this paper. 
We are concerned primarily with only a few such basic elements: 
(1) Bistable element, or switch; (2) trigger; (3) threshold devices; 
(4) conditionally operative element; (5) storage element; and (6) 
amplifier which is used essentially as a device intended to derive 
the energy for operation at the output from the power supply of the 
device and not from the input. 
It may be interesting to note that all of these elements have 
functional counterparts in the human nervous system, which functions 
much the same as a digital computing device. 
In the problem of this thesis we are concerned with loose-link 
implementation. As we suggested above, there is always a limit to the 
accuracy with whi ch we c an mearure a physical quantity. For example, 
if we divide a range of 100 volts into 100 parts we can determine 
accurately to which part of our scale a given voltage is to be assigned, 
i.e. we can "measure" to the nearest volt. If we divide the same change 
in voltage into 1000 parts, it becomes more difficult, and if we insist 
on an accuracy of, say, 0.001 volts, it is probably impossible by direct 
measurement. If we use a linear amplifier to enlarge our effective 
scale, we still find a limit, because the amplifier has noise in its 
output. Hence, a voltage analogue would not be so accurate a way to 
represent a number, for arithmetic operations, as would the succession 
of "on 11- 11off11 elements provided by a binary counter. In the mechanical 
device, coarseness of engraving, non-rigidity of parts, backlash, etc. 
correspond to the noise in an amplifier. B,y using bistable elements 
in cascade, we have eliminated the problem of measuring accurately a 
quantity for the purpose of measuring a number. The cascaded elements 
are limited in reliability only for the part that one of the elements 
is malfunctioning. 
The following pages will develop the theory necessary to under-
stand the operation of a bistable element and show the results of elec-
tronic implementation in the solution of the problem of designing a 
pulse counting circuit. 
4. 
• 
• 
CHAPTER II 
HISTORICAL UTILIZATION OF 
ELECTRONIC IMPLEMENTATION 
Today we read in magazines and papers of a new achievement in 
the progress of scientific as well as industrial tools. This is the 
construction and utilization of computing or calculating machines 
designed to perform mathematical and tabulating tasks at undreamed of 
speeds a few years ago. Man has harnessed the swiftness and versatility 
of the electron in a little over 50 years to allow this insignificantly 
small bit of energy to solve many complex problems. The physicist and 
engineer, as well as everybody, have certain problems to solve and it 
is only in the last few years that electronic implementation has risen 
to the high degree of esteem that it now holds in the scientific world. 
It can be said that one characteristic of present day civilization is 
speed and this ~ (as well as reliability) d:.:s the main factors being built 
into our modern digital computing devices. 
Let us review for a moment how the mathematician or scientist 
advanced from mechani cal implementation to the revolutionary electronic 
implementation in solving the problem of obtaining a calculating tool 
to suppleme:at hi s own feeble and unreliable memory and hand. 
External and internal memory, input and output mechanisms, com-
puting and sequence control elements are said to be the main parts of 
1 
a computing s,ystem. 
1. Hushey, H. D., "Status of high speed digital computing systems", 
Mechanical Engineering, December, 1948, Vol. 10, p. 97$. 
6. 
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Consider first a person working with pencil and paper as a 
computing system. We assign the external memory to the paper, the 
eye becomes the input mechanism scanning data on the paper, and a hand 
with the pencil is the output mechanism. We assign internal memory, 
computing and sequence cootrol elements to tne brain of the human com-
puter. The human being has many other facilities and activities be-
sides calculating chores and these facilities or activities may dis-
tract the mini of our computer and lead to unreliable operation. The 
human computer must be trained and, as we know, the lmman body is slar. 
The abacus was perhaps the first major improvement over the above 
system. This device took over the rather limited capacity of internal 
memory and a small part of the computing function, for the use;r must 
still know addition and subtraction. We can say that the abacus was 
the high speed memory in which,wer.e stored partial results of eomputatior.. 
The forerunner of the desk machines which we now consider common 
was designed b,y Blaise Pascal in 1642. These mechanical machines even 
today cannot remember more than one instruction. They must be re-
2 instructed before they can perform additional tasks. However, it 
took a number of centuries before electro-mechanical devices such as 
the Monroe or Marchant instruments were developed. Here the mechanical 
implementation is being supplemented by electricity and more efficientlJ 
solving the calculating problems. 
2. Tumblen, R.C., "Calculating machines", Electrical Engineering, 
January, 1948, Vol. 67, p. 6. 
These machines perform the functi ens of the internal high speed 
memory as well as the canputing element. We still have the external 
memory in the form of paper and the human operator to perform the 
task of sequence control. However, the later machines do automatically 
carry rut the steps involved in diVision and multiplication and certain 
models of these electro-mechanical desk calculators give results on 
paper which serves as an external memory • .3 
Charles Babbage in 18.34 gave us the next step in the search for 
speed and built his "analytical engine" to perform series of operations 
4 
without an operator. He was the first to utilize the idea of punched 
cards but he was held back by engineering problems and the use of 
5 
punched cards did not expand until the development of Herman Holerith. 
With the utilization of a punched card system the external memory 
is a punched card. In the case of a tabulating machine, the device 
reads the cards, performs a certain amount of computing, prints results 
on paper or punches other cards with the results. Sequence control is 
6 
still mainly done by operators, wpo insert plugboards and route the 
cards , in the proper manner through the machine. 7 
3. 
4. 
5. 
6. 
Hushey, op. cit., p. 975 
Tumblen, op. cit., p. 1. 
"Passage from the life of a philosopher", Charles Babbage, 1864. 
Hushey, op. cit., p. 976 . 
11Herman Holerith11 , Di~ticnary of . ~erican biogra@~' edited by 
W.F. Willcox, New York, N.Y., J.)'44, vol. 21, pp -416. 
L. J. Comrie, Application of commercial calculating machines, 
MTAC, October, 1946, No. lb; pp. 149-159. 
Eckert, W.J., Watson, Thomas J., "Punched card methods in scientific 
computation 11 1_ Astronomical Comyting fureau, Columbia University New York, N.r. vol. 9, 1940, I o pp. ' 
Staff of the Harvard computational laboratories, A manual of 
operation f£! the automatic se~ence controlled calculator:-
Harvard University Press, Cambridge, Mass., 1946, 561 PP• 
These punched card computing systems perform the function of 
8 
input, output, and canputing entirely automatically. 
To construct a fully automatic machine, the problem of memory 
is basic. Consider a large class of problems which are solved by 
making closer and closer approxi:nations to the solution. A cycle of 
mathematical operations is set up and a rough approximation results. 
The rough first answer is inserted in the equation and the cycle of 
operation is repeated. This gives us a closer approximation of the 
solution. We repeat this operation until an accuracy is arrived at 
9 
which is cOimnensurate with the given problem. The machine then must 
remember the sequence of operation and must be able to store intermitte :t 
answers until needed to reintroduce them into the cycle when needed at 
the correct time. 
In the past ten or fifteen years large automatic-sequence com-
puting :nachines have been built which use mechanical counters and 
10 
relays. Punched paper tape :rrovides the sequencing schedule and the 
results are punched either on IBM cards or other tapes and even direct 
.: .. : 11 
typwritten results . a re used. 
Dr. Howard Aiken of Harvard University in collaboration with 
the International Business Machines Corporation completed one of the 
12 
first fully automatic digital computing machines. 
B. Bushey, op. cit. p. 977 
9. Tumblen, op. cit. p. 7 
10. Alt, Franz L., "A Bell Telephone Laboratories ccmputing machine", 
MTAC, No. 21, January 1948, pp. 1-13, No. 22, April, 1948, pp.69-84 
11. Bushey, op. cit. p. 977. 
12. Harvard University, Digital Calculating Machines, Symposium on 
Large scale Calculating Machines, Cambridge, 1947 
8. 
II 
' 
I 
We find upon consideration of these madlines that all of the 
13 items considered as elements of a ccmputing system are now automatic. 
Can we improve them? Yea, we can by making a more flexible sequencing 
!I 
\' 
I 
method and by increasing the speed of operation. Here is where one pha e 
of electronic implementation showed the mst promise and a step in the 
direction of increased speed came about when the "Electronic Numerical 
Integrator and Computer" was designed and constructed. This substan-
14 
tially electronic computing machine is known as ENIAC. This very 
fast calculator receives input data from punched cards and the results 
are punched on additional cards. Plug in connections provide a pre-
determined sequencing schedule. The machine operates at tremendous 
speeds because the internal transfer of numbers, computation, and 
15 
sequencing are accomplished by electronic circuitry. 
The ENIAq being designed to perform the specific task of solving 
the ballistic problems of computing firing tables for the Army Ordnance 
Department at the University of Pennsylvania, is well suited for tasks 
16 
which do not require frequent changes of interconnections. 
Further improvem.En t in speed . is the aim . of the latest machines. 
Existing machines have internal memories in the form of mechanical 
wheel counters, relays, or electronic ring counters. Research is 
being pushed to allov1 the newer machines to have better memory circuits 
13. Hushey, op. cit. P• 977. 
14. Burks, A.w., "Electronic computing circuits of the ENIAC 11, 
I.R.E. Proc., vol. 35, August, 1947, pp 756-767. 
1.5. Bra:iD'ard, J.B., Sharpless, T.K., "The Eniac", Electrical Engineering 
vol. 67, No. 2, February, 1948. 
16. Hushey, op. eit., P• 977. 
9. 
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in the fonn of delay lines, electrostatic storage tubes, and magnetic 
17,18 drums. With such improvements, the input-output speed is 
a l arger internal high speed memory is available, and faster computing 
circuits are utilized. It has been said that one of the machines in 
operation for an hour does the work of 10 human calculators working 
for a year and future machines are planned which will increase this 
fact or by the value of four.19 
Thus, we see the vast improvement in speed and efficiency that 
electronic implementation has wrought in the field of computing 
devices. It might be noted here that we have concerned ourselves with 
"digital" devices which means that the mechanisms deal with numbers or 
digits in its calculating machinery. The other large area of comput-
ational aids concern themselves with machines such as the slide rule 
or differential analyzer which translates numbers into some physical 
20 
quantity such as length, voltage, or amount of rotation of a shaft. 
21 Such machines which depend on physical laws are called analogue machi nes 
17. Sharpless, T.K., "Design of mercury delay lines", Electronics, 
vol. 20, November, 1947, pp.l34-138. 
18. Callis, Edmund, Giant brains or machines that think. 
19. Von Neumann, John, "Electronicmethods of computing", Bulletin, 
the American academy of arts and sciences, vol. 1, no. 3, 
March, 1948. - --
20. Bush, Dr. V., "The differential analyzer, a new machine for 
solving differential equations", J.F.I, 1931, PP• 447-488. 
21. E.E. Staff, M.I.T., Electric circuits, John Wiley & Sons, New 
York, 1948, P• 712. 
10. 
CHAPI'ER III 
COUNTING, MULTIVIBRATORS, AND THE BISTABLE ELEMENT 
The use of electronic circuits as counting devices has been 
known for a number of years. More often than not, however, the 
counting circuit, per se, of one kind or another had lost its identity 
in becoming part of circuitry to obtain other information besides 
. 22 
count1ng. Perhaps one reason for the obscurity of electronic 
counters is that these devices had not been able to indicate or store 
a particular count but rather gave indications that were average or II 
approximate. Indeed many of the first counters were designed to assistll 
in nuclear research to count parti~les such as the alpha particle, 
proton, or a nucleus projected during a disintegration process. 23 
The earlier counters, such as the thyratron scale-of-two counter cir-
24 
cuit of C.E. Wynn-Williams, were rather slow due to the limited 
rapidity of .response caused by the inherent deioniza t.ion. time of the 
25 -4 thyratron. The time of such deufnizatien·, is in the order of 10 
sec ends. 
22. 
23. 
24. 
25. 
Grosdoff, I. E. , "Electronic counters 11 , RCA Review, 
September, 1946, p. 438 ----
Hoag, J. Barton, Korff, s. A., Electron~ nuclear R~sics, 
D. Van Nostrand Company, New York, January 1948, P• 3 • 
Wynn~Williams, C.E., Proc. of Royal Society, A 136, 312 {1932) 
Hoag·~ op. cit., p. 440 
The l1 terature shows that the vacuum tube scaling circuits are 
26 
basically outgrowths of the Eccles-Jordan trigger cirwit in which 
two triodes are so connected as to have two stable modes of operation 
27,28 
and the pulse flips the pair from one stable state to the other. 
Again electronic implementation is used to advantage, not only to 
increase speed, but also to secure more accurate results. 
In nuclear work, which is characterized by random time distri-
bution of the input pulse, the statistical average makes it necessary 
to count large nwnbers. Efficiency is increased, therefore, by count-
ing at high rates of speed and electronic counting circuits are em-
ployed to reduce the output rate so that indications can be shown by 
29 
a mechanical counter following the scaling circuit. 
In radar, counting circuits have many applications. Perhaps the 
most common is to divide a pulse-recurrence frequency (PRF). A pulse-
recurrence frequency diVision is a process of obtaining equally spaced 
pulses recurring at a frequency which is controlled at a higher but 
30 
also equal (spaced) frequency. 
26. 
27. 
28. 
Eccles, W. H., Jordan, F. W., Radio Review Vol. 1, 191-9 p. 143 
Hoag, op. cit., p. 440 
Shepherd, W.G., Haxby, R.O., Rev. Sci. Instr., 7, 425 (1936) I 
Stevenson, E.G., Getting, I.A., Rev. Sci. Instr., 8, 414 (1937) 
Lifschutz, H., Lawson, J. 1., Bul. Amer. Phys. Soc. 12, 7 (Nov.193" ) 
Gingrich, Evans, and Edgerton, Rev. Sci. Instr., 7, 450 (1936) 
Nehrer and Harper,Phys. Rev., 40, 940 (1936) 
29. 
30. 
Johnson, T.H., Jour. Frank. Inst., 215, 239 (1933) 
Mouzon, J. C., Rev. Sci. Instr., 7, 467 (1936) 
M.I.T. Radiation Laboratory Series, Wave forms, vol. 19, 
edited by Britton Chance, et al., McGraW Hill, 1949. p. 602 
Ibid., P• 567. 
II 
I 
I 
12. 
It may be pointed out here that the Q.ifference between counting 
and frequency division lies in the fact that counting devices usually 
refer to a nanper iodic wave form. Thus, we consider that a circuit 
is either a coo.nter or a diVider depending on the application. With 
1 a continY,ous output, we have a divider; with an output recorded over 
I ~ I a certain interval of time, we have a coo.nting circuit. 
As the problem concerns itself with the design of a counter that 
1
1!
1 
11 will divide a sui table input from 2 to 10, the application may be 
either division or counting. So consideration will be given to 
circuits which will do either. 
Practical counting circuits are of the sequence-operated type 
or of the energy storage type. After a specific train of input 
pulses both ~pes of counters recycle automatically and produce one 
pulse in the act of resetting. Thus, we see that either the energy 
storage or sequence-operated circu i t divides the train or number of 
32 
input pulses by the number of pulses needed to cause resetting. 
Usually the sequence operated circuits are made in the form of 
~ "ring" chain with N identical units as shown in figure 1. 
Each unit, numbered 1 to 5 here, has two and only two possible 
stable states. Either a unit is "on" or it is 11off 11 • The on being 
shown as a shaded block. The ring counter usually is characterized 
by being ccmposed of N bistable units so interrelated that the pulses 
to be counted are fed to all units and these pulses will turn a unit 
9.!! only if the uni t immediatel y pre·c .eding it is an.33 
31. Ibid., P· 6o2 
32. Ibid., P• 602 
33. Ibid 
I I 
I 
li I 
13. 
13 A 
Figure 1. Ring Counter. 
I I 
Figure 2. Pulse representation of ring counter. 
--------------~~~A~ST~A~D-~~EL-st~ 
Figure 3a. Circuit action with 0 stable states. 
I I 
Figure 3b. Circuit action with 1 stable state. 
18 t~ TA 13 L "":l-n--..... f~--..~ 
Figure 3c. Circuit action with 2 stable states • 
•• 
We find that the pulse dodge technique is used extensively in ring 
counting circuits to change over-all counting ratios.34,JS 
Again referring to figure 1, cross connections are such that only 
one unit can be on at a time and for the diagram shown, will get 
one output pulse for each train of input pulses. The pulse represen-
tation is shown in figure 2. 
The energy storage type of counter usually has fewercomponents 
than the sequence operated type and is made up of an energy storage 
component, a component to add energy for each input pulse, a device 
to determine when the stored energy reaches a given level, and a 
recycling mechanism to remove the energy from the storage component. 
As a first consideration the analysis of the action of three 
basic types of fast wave form generators is given. 
There is the astable circuit or free running multivibrator whose 
action can be symbolized as shown in figure )a. This circuit has zero 
stable states and a continuous train of equally spaced output pulses 
occur when power is applied. It does not need a trigger to start the 
action. 
The monostable m/v (multivibrator) is a circuit which has one 
stable state and requires one trigger for each complete cycle, as 
represented in figure )b. 
34. Sharpless, J.K., "High Speed N scale counters", Electronics, 
val. March, 1948. 
35. Potter, J.J., 11Four tube counter decade", Electronics, June 1944, 
p. 110 
We then arrive at the circuit which is called a bistable unit 
or a 11 scale-of-two 11 circuit. This circuit is flipped from one stable 
state to the other upon the application of input triggers. Figure 3c 
symbolizes this action. A change of state is generated at the 
36 
application of each trigger. 
A multivibrator may be defined as a type of relaxation oscillator 
for the generation of nonsinusoidal waves in which the output of each 
of its two tubes is coupled to the input of the other to sustain 
oscillations. 37 We diagram the basic free running m/v {multivibrator) 
in figure 4. 
The M.I.T. Radar School Staff analyzes the action of the circuit 
as follows: When power supply w ltages are applied to this m/v, 
currents begin to flow in the plate circuits of the tubes. Also 
charges build up on the capacitors as the plate voltages of the tubes 
increase. If the two halves of the circuit are alike, the tube cur-
rents may at first be nearly equal. However, a perfect balance is 
impossible; there must always be some slight difference in the two 
currents, and any such difference will bring about a cumulative in-
crease in the unbalance as follows: A slight increase in the current 
drawn by tube v1 occurs. This increase causes an increase of the 
voltage drop across res.istor R3, and thus a decrease in Epl' the 
36. Waveforms, op. cit. p. 162. 
37. Navships 900,016, Radar electronic fundamentals, Bureau of 
Ships, Navy Department, June 1944, !):'445. 
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Figure 4. Astable Multivibrator. 
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Figure 5. 'Vaveforms or symmetrical astable multiv1brator. 
15 A 
. I' 
_ _j 
! 
I 
/I 
~=r-
1 
I 
plate voltage of Y1 • Because of the capacitor c2, the decrease in 
Ep1 is accompanied by a decrease in Eg2, the grid voltage of V2, since 
the voltage across the capacitor tends to remain constant. A decrease 
l 
I 
in Eg2 reduces the plate current in V 2• Thus the increase in the plate 
current of v1 must be accompanied by a decrease in the current of tube 
v2• In the same manner, the decrease of Ip2 causes an increase of ~2 
and hence of Egl, and results in an increase of lJ,J_. Thus the slight 
initial unbalance sets up a owmulative, or regenerativ~ switching 
action, which ends with IP2 reduced to zero, and ~l increased to a 
maximum value. This action occurs with extreme rapidity in a well-
'38 designed m/v, in the order of a mlt.c-rose:co:nQ.. 
The grid of v2 must be driven negative beyond the cut-off voltage 
to cut off its plat·e current. The negative grid voltage results from 
a charge on the capacitor c2• Since this charge must leak off through 
R2, the grid voltage does not remain negative indefirtltely, b~t tends 
to return to zero as the capacitor discharges. As soon as cut-off is 
reached, the plate current begins to flow in tube v2, and a second 
switching action takes place which Elike the first except that Ip2 
is increasing and Ipl is decreasing and it ends with v2 carrying 
maximum curren~ and with v1 cut off; that is, during the switching 
action the current is suddenly transferred from the plate circuit 
of one tube to that of the other. This switching action repeats 
continuously, with ;rirst one tube and then the other tube conducting. 39 
.38. Staff of the M.I.T. Radar School, Principles of radar, 
edition of March, 1944, p. 2-.3.3 • 
.39. Navships 900,016, op. cit., p. 204. 
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The wave forms of this circuit are given in figure 5. 
We will start the time at A in figure 5~ At this time the 
tube V.~ has just cut off, as shown by Ip2 dropping to 0, and the tube 
v1 is conducting heavily as shown by ~l rising to max:ilnum value. The 
condenser ~ had obtained a charge during the previous half cycle so 
that when tube v2 stops conducting, the grid of tube v1 is raised a 
slight amount above 0 as is shoYvn by curve Egl• Looking at curve ~2 
at position marked 11C1 charge" we detect that it does not rise im-
mediately to B+. This is due to the voltage drop produced by the 
flow of current through R4 due to c1 charging. Also at this instant, 
E 1 is slightly positive and this causes a maximum plate current to g . 
flow through v1 as indicated qy Ipl and this results in a minimum ~1 . 
Eg2 has been forced below cut off. 
During the time A to B in figure 5, condenser c1 is charging 
through the path B- to cathode Vl' to grid v1 , . to 0:1. to R4 to B-t-. 
The time constant (T:) of the path is usually short and equilibrium 
is quickly reached as shown by the Egl curve. As c1 charges, the grid 
potential of v1 goes to ground and as the charging current is flowing 
through a4, the IR drop across a4 decreases as condenser c1 charges. 
And we see from figure 5 that Ep2 reaches B+ at the same time Egl 
reaches ground. This causes the current Ipl through V1 to decrease as 
Egl decreases and results in a decreased IR drop across R3 as shown 40 by the voltage rise of ~1• 
40. Ibid., P• 205. 
17. 
The timing action of this half cycle is determined by the dis-
charge of c2 which, in conjunction with~' is effectively the dif-
ferentiating cireui t of figure 6. This circuit determines the con-
ducting time of v1 or the nonconducting time of v2• As c2 discharges, 
Figure s 5 and 6, the grid voltage of g2 slowly rises toward ground 
potential. At the instant Eg2 reaches cut off value of v2, the tube 
conducts and the condition of the circuit is instantly reversed as sh 
at time B of figure 5. 
Sometimes it is desired to have a m/v wave form unsymmetrical 
so that the two half cycles have different time durations. This is 
accomplished easily by changing the time constant controlling the re-
laxation of one grid so that it is different from the time constant 
41 
controlling the relaxation time of the other grid. 
The next step leading to a bistable unit is the consideration of 
the monostable multivibrator or single-cycle multivibrator. This 
circuit is not an oscillator in the true sense because it requires an 
input trigger to cause it to cycle. It is classified as a multivibrato 
because its action is basically determined by the charging and dis-
. 42 
charging of condensers, as in the case of true multiv1brators. 
One of the simplest single cycle m/v is shown in figure 7 •. 
This circuit normally operates with one tube cut off and the other 
conducting. This condition is established by the biasing of the tubes. 
41. Class notes, "Micro-Waves" given at Boston University, 1950 
42. Ibid. P• 47. 
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Figure 8. Wav~forms of the monost~ble multivibr tor. 
Tube v2 grid is tied to its cathode through ~ and normally no current 
flows through this resistor and the grid bias is thus normally zero. 
However the plate current of the tube v2 flows through the cathode 
resistor Rk. and the voltage drop across Rk biases v1 to cut off. We 
see that when v2 is not conducting, v1 cannot be cut off by the self 
bias developed across Rk· 
The best method to explain the action of this circuit is to show 
the wave forms when a positive pulse is placed on the grid of v1 throu 
1 condenser cl. 
At the time A in figure 8, tube v1 is held 11off11 by the biasing, 
or voltage drop across ~' due to the plate current of v2 as shown by 
~ (voltage across cathode resistor). The grid of tube v2 is at cath-
ode potential and v2 is conducting heavily. (See Eg2) 
At the time B, a positive pulse of the proper amplitude to cause 
grid voltage of v1 to be driven above cut off arrives through c1 to 
the grid of v1 • This causes tube v1 to conduct and its plate voltage 
decreases as shown by ~l at time B. The decrease in voltage passes 
through c2 and appears on the grid of v2 as a negative going pulse, 
shown by Eg2 at time B. This in turn causes the plate current of v2 
to decrease and consequently the voltage drop across Rk decreases, 
allo.ving more current to flow in tube v1 • This results in a further 
decrease of plate voltage of tube v1 and ccause.s ·· .·'. the grid of v2 to 
go more negative. The above action is very very fast and can be con-
sidered instantaneous. 
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During the interval from B to _C of figure 8, tube v1 conducts 
and v2 is cut off while condenser c2 discharges toward the lowered 
plate voltage of v1 to allow the grid of v2 to relax from its lowest 
value to cut off voltage and v2 begins to conduct, as shown by Eg2 
at time C. This increase is coupled to the grid of tube v2 which 
still further increases its plate current. This very fast action 
continues until v1 is cut off and v2 is heavily conducting. Thus the 
cycle is complete and the circuit will remain with v2 conducting until 
another positive pulse is impressed on the grid of v1 ~J The timing 
of this m/v is determined by the time constant of c2~. 
The bistable circuit is the next logical step. The literature 
informs us that an Eccles-Jordan circuit is considered a form of 
multi vibrator. We should note that, like the monostable element de-
scribed above, this circuit is also not an oscillator in the correct 
sense because this bistable unit is not free running, but rather 
possesses two stable states of equilibrium. The first stable state 
consists of no. 1 tube conducting and the no. 2 tube non-conducting 
and the second stable state exists when the 1st tube is non-conducting 
and the 2nd tube conducting. The circuit remains in either of these 
two conditions with no change in plate, grid, or cathode potentials or 
plate currents until some action occurs which initiates an action which 
c 13uses the non-conducting tube to conduct. The tubes then "reverse" 
and remain static in the 2nd stable state until another action occurs 
43. Navships 900,016, op. cit., pp. 194-6. 
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to return the tubes to their first stable state. Thus upon appli-
cation of. a proper trigger, the Eccles-Jordan44 type circuit will 
flip from one stable configuration to the other. This type of circuit 
then, also referred to as a "scaling circuit", "scale-of-two circuit", 
o~ in Englan4 a "lock over circuit", has a wave form at one of the 
plates with half as many rising edges as there are input triggers 
and the circuit can be used to divide bJ~ 2, the nwnber of triggers 
. 45, 46 
connng from any source. 
Consider the action of the Eccles-Jordan trigger circuit shown 
. in figure 9 • 
This circuit uses direct coupling between the plates and grids of 
the tubes V1 and v2 • Assume the plate voltage is suddenly applied 
to the tubes. If both tubes and the corresponding circUit elements 
were precisely alike, equal currents would flow through the plate 
circuit. It is highly improbable that two tubes and their circ.uit 
elements could be balanced so exactly as to permit this to occur. 
Some statistical variation in plate -currents will occur. 4 7 
44. Eccles, w. H., Jordan, F.w., Radio review, vol. 1, 1919, p. 144. 
45. Waveforms, op. cit. p. 164. 
46. Lewis, W.B., Electrical Om nting, University Press, Cambridge, 
England, 19 42 • 
Wild, John, J., "Predetermined Counters", Electronics, March, 
1947, P• 121. 
Phelps, B. E., "Dual Triode Trigger Circuits 11 , Electronics, 
July 1945, p. 110. 
Blume, Richard J., "Predetermined Counter", Electronics, Feb. 1948 
p. 88. 
Garner, J .M., "Electrical Impulse Counter 11 , Franklin Institute 
Journal, February, 1949, Vol. 247: 183-9· 
47. Class notes, op. cit. P• 52. 
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Figure 9. Eccles-Jordan Trigger Circuit. 
One of the tubes will start to conduct an instant before the other. 
Let us asSime that v1 conducts more heaVily than v2• Thus v1 is 
passing a larger current than v2 so the voltage drop across its 
plate resistor ~ is greater than that across the plate resistor R2 • 
This means that the plate voltage of v1 is lower than that at the plate 
of v2 and the lower voltage is passed to the grid of v2 through the 
coupling resistor R3• The current through v2 is decreased further 
due to this negative going change of grid potential. The decrease in 
plate current causes an increase in voltage at the plate of tube v2 
which passes to the grid of V1 throogh R4• fue to this positive going 
change in grid voltage of v1 , still more current flows in its plate 
circuit and the voltage at the plate is still further decreased. This 
action is regenerative so that when the magnitude of the voltage across 
v1 is considerably less than the battery voltage E0 , the voltage 
across R6 is sufficiently negative to cut off v2 • The circuit is now 
in stable equilibrium, with v2 off and v1 on heavily and will remain 
in this condition until the non-conducting tube v2 is made to conduct 
by the application of a trigger voltage. 
A positiv~ pulse is applied at point M and N through the cap-
acitors ~and c2 to both grids. Since v1 is already conducting 
heavily, the posi. tive pulse on its grid has negligible effect on the 
flow of current through the tube. On the other harrl, tube v2 is off 
(not conducting) and is affected by the positive pulse an the grid, 
and if the input pulse is of proper amplitude it removes the high 
negative bias momentarily. This causes current to flow in the plate 
22 . 
circuit of v2 and the voltage at. its plate drops. This decrease 
passes to the grid of v1 , which causes the plate current through ~ 
to decrease and the plate potential of v1 experiences a rise. This 
rise goes to the grid of v2, causing a still further increase of plate 
current. The action is now the reverse of that in the lst case and 
it continues until v2 is conducting heavily and v1 is cut off. This 
flipping or switching from one state of stability to the other occurs 
very rapidly and the positive trigger always reverses the tubes by 
causing the non-conducting tube to conduct. 
A negative trigger applied to input terminals M and N also will 
cause the circuit to switch. The negative trigger will act on the 
conducting tube, causing a sudden decrease in plate current and a 
corresponding rise in plate voltage. The rise passes to the cut off 
tube, resulting in a flow of current in it.s plate circuit which init-
iates the action described above. 48 
The circuit of figure 9 is to be modified in two respects. The 
first is to include speeding up condensers between the plates and 
grids in parallel with R3 and ~' and to remove the biasing battery Ec· 
The speed with which the m/v can be made to switch from one con-
di tion to the other i . s determined by the rate at which the voltage on 
the interelectrode capacitances can be changed. In our case, the input 
capacity must be charged through R3 or ~when the grid is driven 
negative. This increase in time constant may have a detrimental effect 
48. Navships 900,016, op. cit. p. 194. 
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on the squareness of the leading edges of the voltage waveform~ 
. f 
To overcome this difficulty, the resistors are bypassed by sma 1 
condensers, as shown in figure 10. In this way the effective 
time constant for the charging of the interelectrode capacity 
is greatly reduced, 49 and the switching action from one con-
dition to the other is speeded up. 
The battery Ec is replaced by the biasing resistor, Rk. 
The bias is obtained from the flow of plate current through Rk 
If the circuit is symmetrical, the plate current will be the 
same no matter which tube is conducting so that the biasing 
is constant. 
In figure 10, each time a trigger I is applied, the conducti1•g 
or non-conducting tube changes state. With a negative input 
wave, the pulse causes the non-conducting tube v2 to be turned 
on and initiates regeneration which terminates with v2 being 
turned off. The condensers Ci and c2 are usually small, being 
in the order of 5 to 50 uufd. The input coupling condensers 
should be as small as possible also to reduce the capacity 
loading of the circuit. In the arrangement of figure 10, one 
and only one tube can conduct at a time. If we consider v1 
off and v2 on, the voltage of the grid is determined by the 
voltage divider Rl, R3' R6 where the grid voltage E = g2 
(~ ) RQ b .1 R6+R3+R1 and ~2= (Ip2)(R6) • The value of grid biasing 
for v2 is then the difference between Eg2 and ~2· With the 
proper value of resistance in the divider, V2 is biased on. 
At the same instant and by the same token, V1 is biased off 
49. Class notes, 2£• cit., p. 39. 
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due to the voltage divider B2,~,R5 . Here we see that as v2 is con-
ducting and its plate is at some low voltage, grid voltage for v1 Its 
is Egl = (~R4 ) (Ip2R2 ) which causes v1 to be biased off. 
If, however, the impossible condition existed that both tubes were ~' 
then the voltage dividers are arranged so that both tubes would be 
biased off - an absurdity. Again if both tubes were to be off, the 
voltage divider scheme would be biasing both tubes on - again 
impossible. Thus this type of circuit fulfills the qualification of 
havi ng only two possible states of equilibrium necessary for an element ' 
of a ring counter. I 
The bistable circuit of figure 10 will operate as scale of two 
divider because i t divides the input pulses by two. The wavef'orm at 
the plate of v2 is a square wave and if the output is taken from this 
plate and differentiated, it will consist of sharp peaks which will 
be in the ratio of ~ to the number of input pulses. This circuit can 
operate as one of a s eries of scales -of-two to make a counting divider 
of 2n where n is the number of such circuits in series. Due to the 
arrangement where the circuit r emains stable until an input pulse 
causes it to change state there is no upper limit on the time interval 
between pulses. There is, however, a lower limit to the time interval 
between pulses ,and this limits the frequency of the applied pulses. 
The limit to the counting r ate is set by the time of rise of the plate 
of the tube which is being cut off and we can reduce this time by 
increasing the plate current (reduce Ri and B2) whi ch means the 
capacity loading of the plates can be forced to be charged and 
discharged faster. 
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CHAPTER III 
THE PULSE COUNTER DESIGNED 
In the preceding chapter, the Eccles-Jordan type circuit was 
developed as the most promising element to use in solving the problem 
of a ring counter that will divide any suitable pulse input fron1 2 to 
10. Briefly the triggering problem of this type of circuit will be 
shown and the pulse dodging technique needed to set up a ring counter 
which will divide by N, N+l, N+2, ••• N~, where N is any division 
ratio greater than 2 and n is any number. 
An ideal triggering arrangement would be one that contained 
a switch. which would be closed during the initial voltage step of the 
trigger, but which would then open to disconnect the circuit from the 
trigger source. In this way the circuit being triggered would be freed 
from any reversing tendency of the trigger when the trailing edge of it 
encounters the circuit at the point of input. Also any loading the sou ce 
of the trigger may present to the triggered circuit would be eliminated 
The simplest method to couple a trigger to any electronic device 
is by means of a coupling condenser. This is perhaps the most dan-
gerous kind of coupling to use because the effect of the condenser 
will be to add capacitive loading to the point of coupling and prob-
ably will result in slowing down any transition or recovery action. 
It should perhaps be emphasized here that the speed of changing 
the voltage of any point in an electronic circuit inversely depends 
upon the capacitance loading to be charged or discharged and directly 
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upon the amount of current that can be made to flow through it. 
Thus, if an input coupling condenser is connected to the counting 
circuit, say at the grid or plate, the transition time is decreased 
and a bistable element (figure 10), acting as a scale-of-two pulse 
counter, will not be able to resolve two incoming pulses whose separ-
ation is much smaller than its recovery time. 
A series diode is a good method of inserting trigger pulses, not 
only because the stray capacitances across most diodes is small, but 
also because of the ease of inserting the diode so that pulses of 
either polarity can be rejected. 
Triodes also may be used to feed in triggers. The triode should 
normally be biased off so that it will not load the counter. A po s-
itive trigger placed on its grid, momentarily turning it on, effect-
ively injects a negative trigger into the counter. 
Germanium crystals could be used to insert triggers and they have 
less capacitances both inter-electrode and to ground than the diodes. 
It is possible to trigger the Eccles-Jordan type circuit a number . 
of ways. The circuit of figure 10 is shown with triggers coming in on 
the plates. This circuit can also be triggered by input pulses on the 
grids as shown in figure 9. Triggering can be accomplished by pulses 
applied to the cathodes of the tubes. In this manner a negative pulse 
8_pplied to the cathodes of figure 10 (assume left triode on) will only 
affect the tube v2 which is off. It momentarily pulses v2 into 
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conducting due to the negative pulse lowering the potential of the 
cathode of v2 so that the effective bias at the ttme of the pulse is 
to cause conduction. It initiates the same regenerative action as if 
a positive pulse had been applied to the grid of v2. 
If the scale-of-two circuit of figure 10 were cascaded, the 
assembled counter could only divide by powers of 2. That is it could 
divide by 2, 4, 6, •.• 2n where n is the number of bistable elements in 
the chain. The problem is a circuit which will divide the input pulses 
by 2, 3, 4, ••• 10. This result is accomplished by using a scale-of-two 
circuit as the basic element but incorporating a pulse dodge technique. 
Assume the left-hand section of figure 11 as conducting. A neg-
ative pulse at the input tends to hold the right-hand triode cut off 
while a positive signal at the left-hand plate, due to negative pulse 
on grid, is trying to turn it on. The shape, duration, and magnitude 
of the input trigger is important. Fi~1re 11 can be expanded into 
figure 12 by cascading the counters. A ring counter which will divide 
the input pulses by any number from 2 to N will result if the correct 
pulse dodge or feed back technique is employed. 
Assume the situation where the left-hand section of the double 
triode is conducting and the righ~hand section not conducting as norma 
Call this the normal condition. The situation where the left-hand sect· 
of the double triode is not conducting and the right-hand section is 
conducting is considered abnormal. Call this state the reverse 
condition. 
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The stages 1, 2, 3, etc. are numbered as reference. 
Consider the counting circuit at the time the first stage is in 
the reverse state and all remaining sections are in the normal state. 
The counter is riow in its first stable state with a high positi~e 
voltage at the left-hand plate of the first stage. Apply a negative 
pulse to the left-hand cathode of all stages through the pulse b:ir 
connecting all the left-hand cathodes. This negative trigger turns 
on the left-hand section of the first stage and the action initiates 
the regenerative action which flips the first stage into the normal 
state. The-right hand triode then has been turned off and produces a 
positive going signal on the right-hand plate. This positive signal is 
transferred through condenser c2 and places a positive pulse on the 
right-hand section of st§!:ge 2 which initiates the action on stage 2 
which leaves this second stage in the reverse state. This is the con-
dition which had existed in stage 1 before the input trigger had arrive • 
The next negative pulse which arrives sees stage 2 in the reverse con-
dition so that the trigger can act on the left-hand section of stage 2 
to repeat the action previously described. So the application of re-
peated negative pulses causes the reverse condition to travel down the 
chain of bistable elements step by step, and if the output of the last 
stage connects to the input of the first, a ring counter is set up 
identical in action to that shown in figure 1. The counter is composed 
of N identical units; each unit has two stable states; the pulses are 
.applied to all units; the pulses will turn a unit on only if the unit 
immedie,tely preceding it is on at the time thepulse is applied; and 
only one unit can be on at a time. 
The dodge problem lies in the fact that the negative pulses 
applied to the cathode which turn on the left-hand side of the reverse 
stage also attempts to keep on the left-hand side of the following 
stage which it wishes to change.50 
Consider again figure 12. That the holding action does not occur 
in the following stage is due to the cross over signal from the flippin 
stage through condenser c2 being of such duration and magnitude as to 
overcome the effect of the input negative pulse. Therefore control 
must be exercised over the rise time and duration of the input trigger 
so that they are as narrow as possible. 
Considering R3 and ~ of figure 12, the requirement that one and 
only one stage can be in the reverse condition at any instant is ful-
filled. If there were only one stage in the array (scale-of-two), 
R3 and ~ would be equal to give the proper balanced biasLDg to each 
grid. If the array consisted of two stages, also R3 and ~ must be equ 1 
because the successive triggering action would cause st age 1 and stage 
2 to flip back and forth so that always stages 1 and 2 would be stable 
in the opposite sense. However, if the array is increased to include 
three or more stages, R3 and ~ no longer can be equal. Due to the 
stepping action of the reverse state down the line only one right-hand 
50. Sharpless, T.K., "Counter High Speed N Scale 11 , Electronics, 
March, 1948. 
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section is ever on so ~ is constant whether there is one or N stages. 
The normally conducting left hand sections, on the other hand, increase 
with each stage added, so the current flowing through R3 causing the 
bias for the left hand cathodes, increases with each added stage. To 
retain the correct (non varying) IR drop necessary to keep the proper 
mode, R3 must be divided by the digit which is one less than the total 
number of stages. The relationShip R3 • ~l where R4 is the biasing 
necessary for one stage holds for the circuit where N is the number of 
stages. 
In general, this type of circuit containing elements that have 
only two stable states is very reliable in operation. This is so be-
cause each tube is either on or off and although the applied pulse, 
circuit, or circuit parameters or bias voltage may vary over wide rang 
so long as the grid is driven to cut off on the one hand and to za:- o or 
a slightly positive value on the other, the plate current has only two 
values of magnitude. The circuit is so set up that the effect of 
changing circuit parameters is minimized. 
Thus, figure 12 is to be used as the thesis circuit. The 6SN7 is 
taken as the tube and the parameters developed around it. The values 
~, and R:l,, and Rs are all taken as 4 7, 000 ohms. This lirni ts the oper-
ation of the tubes to the safe plate power dissipation as specified by 
the manufacturer. The value of ~ is 25 uufd to be as small as possible 
to limit loading in the circuit. The above values are not critl.cal in 
this circuit. However, the values of the biasing resistors R3 and ~ 
are very critical and must be chosen with care. The relationship ~.' 
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between R3 and ~ has already been determined. The highest dividing 
ratio needed is division by 10 so the circuit consisting of 10 iden-
tical elements will be calculated. 
Using a battery voltage (~b) of 200 volts, the method of cal-
culating the value of the biasing resistor, ~' will be given. 
~ is determined as follows: Suppose the following are known: The 
tube dynamic characteristic curve, ~b' load resistor (RL), and 
desired grid voltage Eg. Draw the load line. The same current 
(say I) must flow through ~' the tUbe, and ~· For point P (the inter 
section of the load line 
E I - g -
---~ 
finement is 
Ebb-~ 
RiJ 
to subtract 
this is a small error. 
and grid bias contour, corresponding to Eg), 
E 
Hence ~ = -f- (as ~ead from curve). A re-
Eg from Ep to get a corrected value, Eg'' but 
This gives the circuit parameter s shown i n figure 13. 
The problem has the qualification of flexibility and is nee-
essary to be able to change from a dividing ratio of 10 to a dividing 
ratio of 2 in unit steps. This is done by considering figure 14. 
The circuit parametersof figure 14 are identical with figure 13. 
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However, figure 14 shows the complete operative ring of 10 circuit 
with feed back and switching arrangement which most conveniently makes 
the ring counter flexible. 
The output of any stage of figure 14 is coupled back to the first 
stage through a switch S. Also the inter-stage connection from stage 
N to N--t-1 (right plate of VN to zi~ grid of VN+l) labeled A to B in 
3rd and 4th stages is through the single·pole single-throw switch M. 
This arrangement is the pulse dodge path and primes stage N +1 when 
stage N is in the reverse condition. The condenser c1 in path A to B 
through M is the coupling condenser which allows the positive pulse at 
A to be transmitted to initiate the action which puts stage N-t-1 in the 
reverse state when stage N is triggered to the normal state by the 
negative trigger at the input terminals. Thus all that is necessary 
to change the divi-sion ratio is switch S to the desired ratio N and 
open switch M whi ch connects stage N to stage N1"'1. Regardless of the 
division ratio all tubes are functioning and it is not necessary to 
change the values of the biasing resistor, which depends on the number 
of stages in the ring. 
The reset switch Z is inserted in the first stage of figure 14 
so that by opening this single pole single throw switch, stage 1 is 
forced into the reverse state and leaves the counter in what will be 
called the zero count position of the ring. When switch Z is open, 
the right hand grid of v1 is forced to conduct due to its grid 
suddenly trying to assume the high value of potential on the left hand 
plate of vl. 
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It is required that this ring circuit be a counter and as such 
we must be able to record the number of pulses held in the circuit 
at any time. To do this the neon glow tubes N have been added to the 
left hand plate circuit of each stage. 
This neon bulb indicates by glowing which stage is in the reverse 
state. The reverse state ne ans the left hand triode is not conduct-
ing and its plate is therefore at some high potential. This potential 
is higher than the ionization potential of the diode and it fires under 
these circumstances. The 1Jtil:tlge of the plate 'When the triode is con-
ducting is of the crder of 50 volts which is below the extinction 
voltage of the neon diode and the diode is out when any stage is in 
the normal position. 
As stage number 1 is considered the zero count stage, we record 
the output at this stage. The output circuit consists of a cathode 
follower connected to the plate circ.uit of Vr This allows any device 
whatever to be connected to the counter without affecting the counter 
operation by loading the point of output. 
A brief statement concerning the action of the cathode follower 
is included to show why its high input impedance and very low output 
impedance renders it particularly suitable for coupling between trans-
mitting stages using shunt capacitances which otherwise might cause 
objectionable effects. 
34. 
The circuit diagram of a conventional cathode follower appears 
in figure 15. The pulse output of the ring counter is the input 
voltage to the cathode follower. The foll~ffer output voltage is the 
cathode to ground voltage and any change in the grid to ground volt-
age causes a change in the plate current of the tube, and thus causes 
the cathode voltage to change in the same manner as the grid voltage. 
Thus the shape of the input voltage is reproduced in the output volt-
age, i.e., the cathode potential follows the grid potential.SO 
We may represent the equivalent circuit of the cathode follower as 
shown in figure 16 where the output voltage is represented by the 
equivalent generator of voltage uein and the dege~erative voltage across 
the cathode resistor Rk is shown as -an equivalent generator of -uiPRk. 
The minus sign shows that the degeneration reduces the effective volt-
age in. driving current through the tube. 
The current flowing in the tube is then: 
i p 
The voltage at the output is: 
(u~l) ein 
50. Staff, M.I.T. Radar School, Principles of radar, Edition of 
March 1944, p. 2-76. 
I 
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Figure 15. The cathode follower. 
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Figure 16. Equivalent circuit of cathode rollower. 
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Figure 17. Equivalent output circuit of cathode follower . 
and the gain of the circuit becomes: 
G- eRk 
ein 
u 
u~l 
u is the amplification factor of the tube used and rp is the ac plate 
resistance. It is noted that the gain is always less than unity be-
cause the denominator is always greater than the numerator. 
Cathode followers are arranged so that the grid is negative with 
respect to the cathode so that a high amplitude positive voltage may 
be introduced between the grid and grou:n:l and no current will flaw 
in the grid circuit. This occurs because of the degenerative action 
of the cathode resistor. The plate current passes through ~ tending 
to maintain the grid negative with respect to the cathode and the 
high input impedance is maintained during the positive input signal. 
The cathode follower has negligible loading effect on the circuit 
employed to drive it. The input capacitance between grid and ground 
is less than that for the same tube being used as a regular amplifier. 
The degeneration reduces the effective input voltage below the applied 
voltage causing less current to flow through the tube capacitance. 
The equivalent output circuit of the cathode follower is shown by 
figure 17. B.r dividing the numerator and denominator of the equation 
representing the pl&te current above by 'u 1-1, the equation will rep-
resent '"the plate current of a circuit in which the tube has an 
36. 
amplification factor of u:l and an ac plate resistance of u:l 
thusly: 
The output impedance then of the cathode follower is the parallel 
combination of the cathode resistance and the effective ac plate 
resistance, and is expressed as: 
and is usually resistive. 
When operated over its normal range, the cathode follower does 
give an output voltage which is an accurate reproduction of the input 
voltage. HorTever, distortion results in the form of limiting action 
if the input voltage is of a high enough amplitude so that any further 
positive swing of the input voltage will not be represented at the 
output terminals and also i f the input voltage is high enough in the 
negative sense, the plate current will be cut off,. and~. further change 
in the negative direction on the grid doesnot appear in the output 
wave form. 
37. 
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CHAPTER V 
ALTERNATIVE DESIGNS 
Until now the action of a bistable element in the form of a 
modified form of the Eccles-Jordan pair using hard tubes has been. 
considered. A brief discussion of the thyratron ring counter and also 
consideration of the energy storage type o£ counting circuit should 
be included because both types of equipment would solve the problem 
of the thesis. 
The thyratron tube, in its operation, is either on or off and 
this characteristic is required of an element of a ring counter. 
The abrupt discontinuity of the control characteristic would make it 
desirable for use in a ring counter. In many ways the thyratron is 
very well suited to operation in a sequence' operated type counter 
circuit. The most serious limitation of thyratrons is the long de-
ionization time during which the tube must be held off by an external 
source. This alone limits the minimum time between input pulses to 
the order of 50 usee. and makes the thyratron ring counter rather 
impractical for random input pulses or when two pulses may enter the 
t . th l th th. t. . 51 coun er w1 ess an 1s 1me spac1ng. 
52 
Figure 18 shows a characteristic scale-of-two thyratron circuit 
and the wave forms are shown in figure 19. In this circuit consid€rati n 
SI. 
52. 
M.I.T. Radiation Laboratory Series, Waveforms, edited bl 
Briton Chance, et. al., McGraw-Hill, 1949, p. 612. 
Reich, H.J., Theory and am;lication .£!electron tubes, 2nd ed., 
McGraw-Hill, New York, 19 · , p. 486. 
WYnn, C.E., Williams, Proc. Roy. Soc., Vol. 132, 295 (1931), 
Vol. 136 (1932) 
Hull, A.W., Gen. Elec. Rev., Vol. 32, 399, 1929. 
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Figure 18 . Characteristic thyratron scal~of- two circuit. 
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Figure 19. iavefor.ms of the thyratron counter . 
R 
L-----------~~c~-----------------~ 
Figure 20. Thyratron sca la- of-N circuit. 
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is given to the plate resistor, Rp' which is of a high enough value 
to limit the plate current to a safe value and yet low enough to 
ensure that the tube does not deionize due to too small a plate 
current. The value of the condensers connecting the two grids is of 
a value which makes the time constant RPC greater than the deionization 
of the tube. lis and RA are so chosen that the grids are made negative 
to keep the thyratron from firing except at the time when a positive 
trigger comes in through the input coupling condenser CT. 
The best way of showing the operation is to explain the wave forms 
shown in figure 19. The wave form is divided into times t 1 , t 2 , and t 3 
Let us consider that in the interval of time t 1 to time t 2, the tube 
v1 is in its conducting state. A positive pulse is applied at the 
input marked trigger at the time t 2• This positive puls e being applied 
to the grid of both tubes fires tube v2• The pulse only affects the 
non conducting tube as the grid is ineffective when the tube is con-
ducting. The plate voltage of v2 drops nearly to ground and this in 
turn forces the plate of tube V1 down to almost -Epp because of the 
condenser G. This causes tube v1 to deionize and its plate starts the 
swing to + E with a time constant made up of R C. We have completed pp p 
a cycle and the circuit is ready for the next positive pulse. 
This type of circuit can be extended to give a ring of N counters 
as shown in figure 20. We place the quenching circuit in the cathode 
circuit. The values of the resistances RA and Ra are chosen so that 
a tube will not be fired by a trigger unless the tube immediately 
before it is in the conducting state. The action is such that the 
39. 
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bias on the next tube is reduced to determine the firing sequence. 
We now have a ring counter which fulfills the requirements set up 
at the beginning of Chapter III. However, we see that in the case 
of the hard tube ring outlined previously was triggered b.Y turning 
an ~ tube off, the soft tube or thyratron ring circuits are triggered 
into action by turning an £ff ~ube ~· The primed tube fires at the 
application of the positive trigger and the tube which had been on is 
turned off by either a plate or cathode coupling. 
One of the simplest energy storage counters is the one shown in 
figure 21, which may be called a pulse rate counter. In this circuit 
the values of ~ is usually m1-1ch smaller than the value of c2 and the 
time constant RC2 is much hig~er than 1/f, where f is the pulse fre-
quency being applied to the input terminals. When the first positive 
pulse enters the circuit, the diode v1 conducts, because its cathode 
is at a higher notential than the plate, and condensers ~ and c2 
are effectively in series. Due to the voltage division across two 
c 
condensers in series, a voltage of E 1 appears on C2 where E is 
~-t-C2 C 
the input wave voltage, and also a voltage of E 2 is placed on 
cl -rc2 
~. At the end of the pulse the value of E drops to zero and the 
right side of condenser ~ discharges through tube v2• At the same 
time, the parallel combination of R and c2 allows c2 to discharge a 
small amount through R. At the application of the next input pulse, 
v2 again conducts and an additional charge appears on c2• The process 
repeats itself for a number of cycles of input pulses until the amount 
of charge placed on c2 at the application of positive pulse step 
I 
40. 
• 
• 
Figure 21. Pulse rate counter. 
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Figure 22. Staircase counter. 
SwoTcH 
ott 
Tq•c;.c.• ~e a 
CIRCVIi 
Ea~----~~--------------------------------, .. , 
~,., , .... ,., 
g-*·• ,. ...... , 
loll·;t. . _ 
II ""'·· n I .... . 
l ;;-.::.. 
's - .... -.. Ec 
----.-
Figure 23. Waveforms of staircase counter • 
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just equals the amount which leaks off c2 during the rest of the cycle 
If this equilibrium voltage change is called delta e, then 
delta ech = delta edis and we may give the expression that' 
Ef~ ~ = and the average value of voltage output, where 
fRC1+1 
E _ E delta e 
av- !nax 2 and considering ~ is much smaller than c2 and 
RC2 is much larger than 1/f, is: E EfROJ. av = f~+l (1 1 )and 
if a direct current voltage be placed as shown in figure 21, the 
readings of this instrument can be calibratedto give an indication of 
h f t d b d t . . 53 t e requency inpu an so can e consi ered as a coun 1ng c1rcuit. 
The next step is a consideration of the step b.r step or stair-
case counter. This type of circuit is similar to that just discussed 
except R .as : §hown in figure 21 is removed and we have the circuit 
represented by figure 22. The box either may represent a circuit to be 
triggered by the staircase counter or a suitable device which will re-
move the charge stored on c2 at the proper time. 
In figure 22, c2 is the energy storage device and c1 is a small 
condenser used for adding energy to c2• Normally c2 is about ten to 
twenty times as large as ~. EA is a fixed positive voltage and Ec 
is the amplitude of the trigger, either positive or negative. E rep-
resents the value of potential at any time. 
53. Microwaves, Class Notes given at Boston University, 1950. p. 58. 
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Figure 23 represents the voltage wave forms as it appears on the 
storage condenser c2 • Es here represents the critical voltage of the 
switch which causes recycling. For the waveforms shown, six counts 
are needed to give one output pulse. The dotted portion of the wave 
form represents the steps that would exist if the switch were not there. 
We will assume initially that there is no charge on either con-
denser and the circuit operates as follows: The first negative pulse 
Ec genera.tes .step 1 of figure 23 when it is applied to the input. 
Since :\, :: ·"' just before the pulse, v1 conducts immediately and a 
negative charge of amplitude(EcJ{ Cl \appears on c2 • At the end of ~+C2 
the pulse, the right side of cl is driven positive due to the charge 
it has received. v2 conducts and ~ discharges. Condenser c2 retains 
all its charge because the impedance looking toward the trigger is 
extremely high until the trigger fires the diode. On succeeding 
pulses E
0 
must drop to E before the diode v2 conducts and we see that 
for the Nth pulse the voltage change is: 
Since the change in E is proportional to E 
-kn . 
the expression for En is of the form En = Ae +B and 
EN= EA+E0 - Ec( C2 )N and this expression gives the voltage ~ -r c2 ··". 
after any pulse whether the pulses are uniforml,r-y· · :spac~d or not. 5 4 
Many counters are called upon to count a large number of pulses, 
as in nuclear counting, or it is desirable to obtain an cutput pulse 
.54. Wave forms, op. cit., p. 616. 
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indication for every nth pulse where n becomes quite large. In the 
energy storage counter the value of n should be less ·than 20 due to 
the qualification of stability. It is not the best policy to have a 
condenser hold too many increments of energy due to leakage. In 
cascaded sequence counters, the most stable element is bistable so 
n is usually 2. 
When counting circuits are cascaded as shown in figure 24, the 
product of the individual counter dividing ratios provide the over-
all dividing ratio N. It is not required that each counter have the 
same scaling ratio. This is represented by the relationship: 
If a mechanical counter is used to record the number of times 
the counting chain has been recycled, and if neon indicating lights 
show the nwnber of pulses stored in each counter, the system will 
show not only the quotient but also the remai~er. The equation 
Nin = N1 •;-~N2 '+ n1n2N3 '+• • • (n1n2 • •'!nz)Nout gives the relationship 
indicating the total number of pulses received by the counter. The 
last term of the equation represents the number of times that the 
series divider chain of figure 24 has recycled and the primes in 
the first three terms show the held counts in the respective counting 
circuits.55 
Thus it is possible to secure an economical saving in components 
by utilizing an over-all ratio which is the product of the individual 
55. Waveforms, op. cit., p. ~25. 
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Figure 24. Cascaded divider chain. 
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Figure 25. Parallel divider array. 
Figure 26. Energy storage wavefor-ms. 
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Figure 27. Cascaded divider chain with feedb&ck • 
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ratios r ather than a sum. In the circuit utilized by the thesis 
problem, ten elements were used for the dividing ratio of 10. The 
same r atio could have been established by using a ring of five cascaded 
with a scale-of-two. 
A much less used arrangement of counting circuits is the parallel 
. % 
array of f2gure 25. In this arrangement the input pulses go directlY 
to the individual counters. A coincidence circuit receives the pulses 
from the individual counters as shown but does not give an output 
indication until it receives a pulse simultaneously from all the 
counters. The over-all dividing ratio equals the lowest common 
multiple of the individual counters. If each counter i s broken down 
to its prime factors, and no prime factors of any counter is repeated 
in any other counter, the over-all ratio becomes the same as for the 
series chain. That is: N = n1n2n3•••nz• 
This type of array will give an output indication only for the 
nth pulse and it cannot show the number of pulses received at any 
instant. This parallel arrangement works well in energy storage 
circuits because none of the counters must hold or store energy 
until the total input pulses necessary to cause recycling of the 
entire array has been received as is necessary in a sequence-operated 
circuit. 
56. Grosdoff, T.E., "Electronic Counters", R.C.A. Review, 
September 1946, P• 439. 
~. 
If minimum time delay is an important consideration then 
parallel operation is to be preferred. The time delay for the 
parallel arrangement is the delay of the slowest ccu nter in the 
array while for sequence-operated equipment, the time delay is the 
sum of the delays of all the counters in the chain. 
Many of the difficulties encountered in cascaded counting 
arrays can be overcome qy utilizing feedback loops. If the indiv-
idual counting circuits have different dividing ratios then the 
equation representing the over-all ratio is as above: 
N = n1n2n3•••nz' where then's are integers. If the individual 
counting circuits have the same dividing ratio, the over-all ratio 
is expressed by: N = nz where z is the number of individual counters 
in the chain. The flexibility of this arrangement is limited because, 
at times, it is wished to change the over-all ratios by switching in 
the existing circuit and some of the desired dividing ratios cannot 
be directly obtained because they cannot be factored. 
In the energy storage counting circuit, a condenser is charged 
to a fixed potential by each input pulse and discharged into another 
condenser that is used as the storage element storing the charge • 
.An amplitude sena tive device determines when the potential of the 
stor-age condenser has reached the level produced by the nth pulse. 
The amplitude device operates an electronic switch that discharges 
the storage condenser to the zero level. This chain of events is 
represented in figure 26. 
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Figure 27 diagrams a chain of energy storage dividers separated 
into three sections. Section K contains all the counters that precede 
the feedback loop; section L contains the feedback loop; and section M 
represents the counters that follow the feedback loop. The counting 
ratios of the different sections are shown as nK, ~, and ~· Call 
~· the div~sion ratio of section L without feedback. In this energJr 
storage tYPe of circuit the effect of feedback is as if n1 11 pulses wer~ 
added or subtracted from the input point of section L every time an 
output is received from section L. Thus nL' .. n1 -r n1
11 or n1 ' = ~-~" I 
and the over-all counting ratio for the whole chain is 
N : nK?Lllu = nKI)r(~1::.~ - ~~~). n111 is negative if the pulses are 
subtracted and positive if they are added. If section L is made 
up of one counter, changing the diVision ratio of this stage accom-
plishes the result shown by the last equation above where (n1 1-~11 ) 
takes the place of the changed ratio. n1 1 may become very large if 
section L contains many counters in series and the loop shown in 
figure 27 means the over-all division ratio of L can be changed in 
unit steps. 
The equation N. nK~(n1 1-~") becomes N = n 1-n11 if the output 
is relayed back to the input. It is possible to consider multiple 
loops and, using such an arrangement, the dividing ratio of the 
individual counters may be changed and any wanted over-all ratio is 
obtainable. 
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In the sequence -operated or ring chain the same kind of feed-
back may be usedto change the over-all diViding ratio N. Referring 1 
to figure 27, the output pulse from section L turns on a particular I 
element of the first counter in section L. See figure 1. Here n" 
is always positive and it equals the number of the element which 
is turned on. The output that is to be fed back m~y come from any 
element o~a ring counter and makes a great variety of interconnection 
possible. The feedback can turn an element off instead of on and the I 
pulse then will be effective only when the particular element is on 
' 57 
at the time of the applied feedback pulse. 
57. Waveforms, op. cit., p. 625-8. 
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CHAPTER VI 
LIMITATIONS TO COUNTING SPEED 
The maximum speed of operation of ci rcQits composed essen-
tially of n-stable elements bas the fundamental limitation that no 
point in the circuit (e.g., the point at which the output is taken) 
can change its potential instantaneously. Thus we can never achieve 
a square wave with a truly vertical leading edge. It is always ex-
ponential, the duration varying directly as the capacitance loading 
the point in question, and inversely as the current available to 
charge, or discharge, this capacitance. We employ configurations of 
n-stable circuits essentially as networks of switches. If the switches 
were mechanical they would have similar limitations to speed of 
operation, inertia corresponding to capacitance and the available 
mechanical power necessary to overcome the inertia corresponding to 
available electrical power. 
There are several factors to consider in designing a circuit 
in which high speed of operation is reqQired, which are so related 
to circuit operation that a compromise must be made which is best 
suited to the particular application. The effects of capacitance will 
be discussed first in some detail and then a "figure of merit" will be 
defined which proVides a rough crit~rion for selecting appropriate 
tubes. 
For simplicity the circuit of figure 28, which is a basic 
grid coupled astable multivibrator, will be analyzed. The exact 
analysis of the transitions from one state to the other in such 
a circuit is impossible to make. The multiplicity of elements in-
volved, intentionally present or otherwise, as well as the non-
linearity of the vacuum tubes cause several simplifying assumptions 
to be made. 
Figure 29 gives the circuit of figure 28 redrawn to show the 
major stray capacities which give the principal limitations on the 
speed of transition of the circuit. The equivalent circuit of 
figure 29 is drawn to correspond to transitions from v2 conducting to 
v1 conducting. (Arrows indicate electron flow.) The figure shows 
the plate to grid capacities of the tubes represented by Cgpl and 
C which prevents the circuit from being considered as two distinct gp2 
loops. The grid to cathode capacitances are represented as cg2 and 
cgl and the plate to cathode representation is cpl and cp2· 
B,y combining these capacitances into the lumped capacitance 
c2 • and~·, the second equivalent circuit, figure 30, can be drawn. 
In figure 29, point A is supplied by current from v1 and is regarded 
as a current source while the point B, due to current taken away 
by r 2, is considered a current sink with the associative network. 
The capacitances c 1' c 1' c2 in series with cg2' and c2 in series p ~ . 
with cgp2, take current away from point A and the capacitances 
Cp2' Cgp2, ~ in series with C~l' give current to point B. 
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-Figure 28. Basic plate-to-grid coupled astable multivibrator. 
Figure 29·. Equivalent circuit of f:I;gure 28", 
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Figure 30. Approximate equiv~lent circuit of rigure 28 • 
The condensers c2 and c1 of figure 29 are large in comparison to the 
other capacitances in the circuit. The stray capacitances Cgpl 
and 
and 
cgp2 are effectively capacities with a value of (l~A1)cgpl 
(l+A2 )cgp2 • A1 is the ratio of the speeds with whl.. ch the plate 
and grid of tubes v1 are moVing while A2 is the ratio of the speeds 
with which the grid and plate of v2 is moving. 
The capacitive loading of the point A can be lumped in figure 30 
as c2 
1 which equals Cg{Cp1-t-(l-t-A1 )cgpl"t (ltA2 )cgp2 and the capacitive 
source for the point B of figure 29 is represented in figure 30 
by c1 • : Cglt cp2+(1-tA1 )cgpl-t (l-TA2)cgp2• 
This capacitive loading c1 • and c2 • are considered constant for 
simplification which is not true and again the analysis departs from 
exactness. 
Referring to figure 30, the waveforms of the grid of v1 which 
begins to come on will be a function of the t i me t that has elapsed 
since the grid voltage reached -Ec volts. This will be re~esented 
as a power series with undetermined coefficients.58 
A furliher assumption is that v1 and v2 are assumed to have 
perfect broken line characteristics with a slope of ~ amps/volt 
and a grid base of Ec volts. This characteristic allows the grid 
waveform of v1 to be transformed into current through v1 as a 
function of time. The corresponding voltage is integrated in c2 • to 
58. Kells, Lyman M, Elementary differential equations, McGraw-Hill 
1947, PP• 193-216. 
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l 
give the corresponding wave form at the grid of v2• The tube char-
acteristic of v2 gives the current through v2 as a function of time. 
The simplification here is that the current through r 2 remains 
constant during the transition between states, and the current 
for s_ 1 is the amount by which the curr~t through V 2 has decreased 
plus the current I
0 
flowing through ~. These effects are combined 
in C ' to give the original waveform in another power series which 
l 
contains the undetermined coefficients and also I 0 , ~' c1 • and c2 •. 
The two power series are equated term by term and the doefficient 
are determined in tenns of the I 0 , ~, c1 ' and c2 
1 
• 
The voltage vl of the grid of vl is found to be& 
X[ IS 1 1. '(~1..)~~ J 
v,:: -fc+C/ t+5!l"!e:t + S.l c,:;;/ -t + ... 
59 
and the voltage v2, at the grid of v2 is found to be: 
Vz.-:: - Zo g..., [-1 i; "-+ J. $;., i: 'I+ lr. ((,~Jttt(~L, )~t l -f ••] 
c.' c .. : J .' 'I' c, c1 v 
\ ' 
This analysis is an approximation and an improvement could be 
made to render it more accurate. Use the grid to plate char-
acteristic curve for the tube instead of the idealized one set forth 
above. The value of ~ and A2 should be considered as variable and 
not constant. The current of r1 and ~ should not be ignored and 
also the change of current through R.J.. am r 2 is important. 
59. Y.I.T. Radiation Laboratory Series, Waveforms, vol. 19, 
edited by Britton Chance, et. al., McGraw-Hill, 1949, P• 176. 
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Figure 29 should be used instead of the 
analysis does give us a figure of merit, 
used in pulse circuits where we c an see 
simplified figure 30. The 
~2 
--=-~ , for tubes to be 
0:t'C2' 
the importance of keeping 
stray capacitances as small as posst ble and of employing tubes with 
high values of mutual transconductance. However, there are other 
important considerations as well. 
Suppose, for concreteness, it was desired to design a multi-
vibr ator with a Ve!Jr f ast rise time, the output to be coupled to 
the plate of one tube of the pair. When the potential at the grid 
f a.lls below the point of conduction, the tube will pass no current, 
and the plate potential will rise according to a time constant com-
posed of the load resistor, coupling resistor (if any), coupling 
condenser, tube and stray capacitances. Assuming that the capacit-
ances are as small as possible, current flow can be increased by 
lowering the load resistor, thereby reducing charging time. This, 
however, reduces the amplitude of the output. Increasing the 
supply voltage will tend to compensate for this, thus improving 
performance at the expense of power consumption. This requires more 
power to be dissipated by the tube. If large power dissipation is 
required, a larger tube must be used, which has larger electrodes to 
withstand the heat, and hence larger in:u t and output capacitances, 
and in almost all cases smaller value of mutual transconductance. 
The choice depends upon the application. If an enormous number of 
elements are used, as in a digital computer, increasing the power 
dissipation by each element becomes both physically and economically 
unfeasible. 
CHAPTER VII 
CONCLUSION 
The flexible ring counter which will divide appropriate 
negative input pulses by any digit from 2 to 10 has been constructed 
and its circuit is shOV'm in figure 14. After adjustments were made 
the performance of this ring counter was tested from a low input 
frequency to an input frequency of 100,000 cycles per second and 
found to operate reliably. 
The plate voltage necessary for this operation of the counting 
circuit is 180 volts. The sharply differentiated appli ed negative 
pulses should not fall below 10 volts. 
In the discussion, we emphasized that this problem was a single 
illustrative example of a very large and general class of problems 
(or tasks) amenable to solution (or performance) by an appropriate 
correspondence with basic electronic circuit elements, arranged in 
the same logical sequence as the elements of the problem. 
We listed very briefly some historical examples of similar 
approaches. 
Having thus orientated the problem, we showed the steps for 
designing a suitable circuit, thereby illustrating the transition 
from a functional scheme to a practical device. 
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ABSTRACT 
A problem in the circuit design of a flexible ring counter 
is stated and the steps necessary for its solution is outlined. 
This problem is oriented as a specific example of electronic 
implementation. A brief historical account of problem solving 
devices is given. The basic elements of problem implementation 
by electronic means are briefly described, particularly t he 
bistable Eccles-Jordan pair. 
The detailed account of the solution of the particular 
problem, as well as a discussion of alternative design~is 
presented. 
A short discussion is given of basic limitations to speed 
of operation in pulse circuits. 
